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DEPCLARIZATION OF DIFFUSING SPINS PY PARAMAGNETIC IHPURITIES.

M, E. Schillaci, R. L. Hutson, R. H. Heffner, and M. Leon
Los Al amos Scientific Laboratory, Los Al amos, NM B75u5 USA

S. A. Dodds and T. L. Estle
Rice University, Houston, Texas 77001 USA

We study the depolarization of diffusing spins (muons) intecacting
witr dilute paramagnetic impurities in 8 solid using a simple
camputational model which properly treats the muon motion and preserves
correct muon=impurity distances. Long-range (dipolar) and
nearest-neighbor (contact' interactions are treated together. Diffusi-r
parameters are deduced and madel ecamparisons made for AuGd (300 ppm'.

A interesting problem for uwSR research is to understand the diffusive
behavior of muons in metals. In a recent series of experiments, we approache:
this probler by studying * depolarizatisr in  target materials that have
neglipibtly mmall nuclear dipole maments and are doped with small concentrat:::.:
of paraarnetic impur_ties. In this way, we can extend the range > hosts ar -
temperatures where it is pnssihle to determine muaon diffusion ecoefficients. I
add:tian, we can gain information about the impurity spin dynamics which 18 not
accessitle t: conventisnal techniques, as well as determine the nature aof the
muan=impurity finteraction. A (W]‘. description aof the experiments 15 fiver 1"
anather paper at this conference ’; we wish to report on a camputational moie!l
which properly treats the muor motion and preserves correct muon=1mruriyy
distances, while accounting for impurity spin fluctuatinn and same muan=impurity
{nteractians,

Muc! of our data has beer analyzed using the maie]l of F.M. Richar i, " o
form of this madel is base! on the steady-state snlution of the diffur:--
equatiar with deplarira®ior ani is desifned for treating lonp-ra, -
interactions, sucl, a5 dipale~dipasle. The lattice, and therefore the muan mat: .,
is assue! ty be continunus. In another forr of the madel, the muon is assure:
t:, execute a randam wali (self. avoiding) in disc-ete hops throwh the lattire.
Th:x forr, is more suitable for treating nearcst- neightor interactions, such. ars a
contart interaction. Difficulties .hat arise ir applyiny this madel! include:

(1) Because the depnlarization term is projortional to = far a
dipolar finteraction, the results are sensitive to the discrete distancer
accessible to the iwuon when clase to the impurity, Thus, the assumptin:  of
a continunus latti. e 18 not & good one at small distancern,

(™ The randar wale of the mian (s not actually Rel.=avaifing, a:
assume !,

(3) Roth lonp-ranpe and nearest-neightior interactiana may be prese:;t
and shouyld be treated tapeth-r.

ne way to avoid these difficulties 18 to treat the mion motion exactly with
a Monte Carlo simulntinn code. However, when dealinr with dilute impurity
concentrations of the order of 100 ppm stomic, this technique connumen a great
dea! of computer time, The approa~h described here preserves some of the
calculational simplicity of the diffusinon maiel approach while avolding bath the
difficulties Fontioned above as well as a lengthy Mante Carln calculation. We
proceed with a descrijtion of our madel,
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First, we enumerate all possible muon locations in a specified volune arcund
an impurity and list them according to distance fram the impurity, specifving the
nunber of sites at each radius. The muon sites thus rconstitute shells
surrounding the impurity. Initially, the polarization residing on each shell is
proportional to the number of sites on each shell, i.e., uniform polarization.
We assure the muon must go to a nearest-neighbor site each time it hops. The
transition probability per hop between shells can then be determined.
Polarizatinn is exchanged among shells according to these probabilities and lost
ancording ts whatever depolarization mechanism is being considered.

We take AUGd (307 ppr) as an example to illustrate the model. Gold has ar
FCZ lattice (a = 4,08 A), and we assume the muon occupies only octahedral
interstitial sites. The volume is taken to be the mean volume per impurity; in
our exa'rle, this corresponds to a radius of 23.A2 & and includes 51 distinet
shells. The first shell at 2.04 A contains 6 sites, the second at 3.53 A~ E
sites, the third at 4,56 & 24 sites, etc. The transition probability from the
first sheli tc the secon! 1{s 1/3, from the first to the third 1/3, fram the
s-cond to the first 1/4, fraum the third to the first 17120, These exhaust al.
transitions {nvolving tre first shell. Sirilarly, transition probabilities car
te determined for all 51 shells. long-range interactions have a depolari2ing
effec* on all 48hells, while nearest-neiphtar interactions influence the first
shell only. We carn write a syster of differential equations describing the
chanye in polari. ation for each shell:
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where o is the nurber of octaheiral sites on “he 1th shell, F,, 1= the transit, =

satability from the Ot shell to the fth shell, 1y 1% the medy. hoy time, s
“he &tre-pty Gf the dipole  interactinr., ¢ 15 the atrerytt. af the cantart
intera 'yor, ant the total polarizatior FIU° = | nppyft'. We can rewrite e,
(1) in rrrix poatation:

dp Jdv = 1 . (M

We assre solutian: of the farm p = p, expl=at’, where the A's are the
eipervaluer of the matrix t'. To simplifv the protler further we have divide!
shells U throwwh 51 into 9 groups and kept the first 2 shells distinct, This
approximation i+ ane uf convenience and is not strictly necessary: however, it
deer preanrve thy rorrect distances far the innermant shells which experience thc
greqtest depaler: ation,  OF the 10 efgenvalue solutions, 4, of eq. (", only
one i found . be appropriate to the time scale of our measurementr
(microsecindn) while the other 1) are at least tw. orders of marritide faster,

Thux, an  exponentially decreasiny pularizatior is  preficter and, indee.,
obaerve!,
The 1nteracyion conrtants are treate! 1n detail 10 ref, ') we simpiy  state
ther here,
1 e { ¢
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where, for Gd*3, S = 7/2, vg= 17.6 x 10° s7"u"" and v, = 8.514 x 10" s7g.
The correlation time 1is given 1n t.ems of the h0p time, 1y, and the unpqrx y Spi~
r]uct.uaaq time, f, 1/ (1p + 1), where 1p = (ygb T)‘ anc t

7.5/% The ext.ernal field Hy» en rs t t.he frequency r.errn.'.. w sy ﬁo'
We assume, for simplicity, an 1isotropic conr.act interaction at the innermas:
sheil of the farmH = A S-l and write A in terms of a field as A = y H,/S. Then

1

4
1 ¢ (ug = uD—"@‘ (4

Q= _Y:H;"c” .

In Fig. 1, the experimental depolarization rates for an external field H,
60 Oe are plotted versus temperature together with the results of the made! ﬁL
We also show in Fig. 1 the dipolar contrwuuoP sn A as determined by this moad’
and, for comparisun, that ~f Richards' modei. “’ The followiny points shoula bte
noted regarding the madel predictions:

(a) From the fit values of 1y we may make an Arrhenius plot (Fag. 2),

frc whick we find H] ,ctlvatlor temperature of 151C K and an attermpt

’v.,u?ncv of 1.8R x 10 r\gse can be campared with S4 K anc 7.R¥ «x

, respectively, ror Cu. The diffusion paramcters deduced fur mu.r:

m Au are claser ta thase for pratons in metals Hmr. for muons 1n Cu and m.-

be indicative of above-barrier dirrushr Approximately the sat-

diffusion parameters are ahtalned {“chardﬁ' diffusior male: Wit
renormal ized dipalar interactior is uv*
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Fig. ‘v 1, Depnlarization rate versu, Figure (., Arrhemiuy plot with o f

temperatyre for B0 Oe external field data pointy deterrined by mode !
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(b) The contacy interaction dominates the dipnlar. We find H, = 35.3
kOe--a reasonable value if the mechanism 18, for example, a tranaferre:
hyperfine interaction Sicii a mechanisn was inviked in NMR studies of
superinnic conduct.ors;“’) however, its suitability in this sjituation is »nr2
obvious and requires further study.

(c) Pecause the contact A G4 130¢ - _
interaction involves the innermost Mo e 8200 .
shell only, a similar A vs T curve ©¢ -
wuld be obtained by considering
only & dipolar interaction with the
innermost shell radius reduced f.-or
2.0 A to 1,3" A, However, it is :
difficult to beljeve that the ©°% '
effects of lattice distortion and !
muon motion would be so dramatlic,
even considering the strong ' TR
influence of the r-C factor in ec. - : ’
(1). (Al=n, see discussi n in ref, 32
1.) -

)

-es

(d) Tke dipr'ar contributinn
redictad by thiz model is about }
three timers larger thar that )
predictel by PRi-lards' diffusioe
mode! andt hot% ares about an  or.er
of magnituic smallar than the data. l

In Fip. 3, we Show data taken witt [TCY ry r » ;
the s sarrle ot & ke external fiel .,
Th.e: it obtaine! with  all other
parameters as ir Fig. 1 talls somewtat figure 3. Depelarizazior rate iy
bela. the data. To fit this 4ata we temvature for 5 b externg’ fael:
must use L = 407 ke,

Without a detafle! caleulation of the contact interactiyn, 1t 1+ daiffacu!s
to  asccount far this discrepancy; however, our assumptisr of an isotropic cortas?
interaction wan made for sxnpllcity,‘and any anisotropy would .ntroduce addit! ina
field-dependent term= in eq. (U),""

Further refinaments of these calculations are planne!, These include a
prop!r accounting of the stat) -tical distribution of volumes per 1 purii: an!
inclusion of tetrahedral interstitial sites for the mu.r.,
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